
UNCLASSIFIED

AD NUMBER

AD474616

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; Sep 1965.
Other requests shall be referred to Air
Force Flight Dynamics Laboratory, Research
and Technology Division, Wright-Patterson
AFB, OH 45433.

AUTHORITY

AFFDL ltr, 24 Jan 1973

THIS PAGE IS UNCLASSIFIED



SECURITY
MARKING

The classified or limited status of this repoll applies

to each page, unless otherwise marked.
Separate page priwtouts MUST be parked accordingly.

THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE NATIONAL DEFENSE OF
THE UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18,
U.S.C., SECTIONS 793 AND 794. THE TRANSMISSION OR THE REVELATION OF
ITS CONTENTS IN ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY
LAW.

NOTICE, When government or other drawings, specifications or other
data are used for any purpose other than in connection with a defi-
nitely related government procu:rement operation, the U. S. Government
thereby incurs no responsibility, nor any obligation whatsoever; and
the fact that the Government may have formulated, furnished, or in any
way supplied the said drawings, specifications, or other data is not
to be regarded by implication or otherwise as in any manner licensing
the holder or any other person or corporation, pr conveying any rights
or permission to manufacture, use or sell any patented invention that
may in any way be related thereto.

-,~- -- = -=-, - -- ~ - --===--~- __ -~- - ~~:--==-~-t"S"



MWDN CLAIME N1;S

THIS DOCUMENT IS BEST

QUALIT-Y AVAILABLE. TIH COPY

FURNSHIED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF

S G'1 ES W T.1-rH DO NOT

,,FRODUCT -LJLY.

REPRODUCED FROM
BEST AVAILABLE COPY



AFFDL-TR-65-144

17 . . .. . .1

HIGH ALTITUDE CL EAR AIR TURBULENCE

WALTER CROOKS

LOCKIIEED-CALIFORNIA COMPANY

TECHNICAL REPORT No. AFFDL-TR.65-144

SEPTEMBER 1965 , 'IT:f1 in

SIDEC 10

IISIA

AF FLIGHT DYNAMICS LABORATORY
RESEARCH AND TECHNOLOGY DIVISION

AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

K:7



NOTICES

Whe Government* ,4ymwinio am,-~4f4t,.m*4e~na nr Mho.- iI.* o,-A iinobli fet ow,

purpose other than in connection wvith a definitely related Government procure-
ment operation, thc. United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished, or in any way supplied the said. drawings, specifications,
or other data,, is not to be regarded by implication or otherwise an in any
manner licensing the holder or any other person or Porporation, or conveying
any rights or permiuiaiork to manufacture, use, or sell any patented invention
that may in any way be r.plated thereto.

Copies of this report should not be returned to the Research and Tech-
nolo-gy Division unless return is required by security conbidorations,
cnntractuaal obligations, or notice on a specific document.

200 - Novembet IM~ 14-27S-773



HIGH ALTITUDE CLEAR AIR TURBULENCE

WALTER CROOKS

I



AFFDL-TR-65-1h1i

FOREWORD

This report discusses the research accomplished on the High
Altitude Clear Air Turbulence project prior to its redirection
on 15 February 1965 and was prepared by the Lockheed-California
Company, on Air Force Contract, AF 33(657)-111h3, under Task No.
146902 of Project 1469. The work was administered under the
direction pf Structures Division of the Air Force Flight Dynainics
Laboratory. Mr. Neal Loving was Project Engineer for the Laboratory.

This work was conducted from 15 April 1963 to 15 February 1965. Thi.
manuscript was released for publication as an RTD Technical Report
19 June 1965.

This technical report has been reviewed -tnd is approved.

RICHARD F. HOENER
Acting Chief
Structures Division
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ABSTRACT

The ourmiq• nf *+.•i -•prt a. t4 i L 'j-n high ait-ucae clear air
turbulence (IHICAT) program accomplishments and resultb as of 15 Februtry
1965, when the program was redirected. The program effort consists of
thc m.Uremi,6 of HICAT velocity components at altitudes above 50,!)00
feet in several world areas. The progr,?m objective is the statistical
definition of the characteristics of HEMAT so as to improve -tructural
design criteria.

In the work accomplished thus far, an analog FM instrumentation -yatem
utilizing a fixed vane gust probe and a 7-hour recording system was
installed nboard an Air Force U-2. HICAT searches were conducted at
Air Force banee in California, Klorida and Puerto Rico. Over sever
hours of HICAT associated with -et etreams, convective pctivity due to
low level heating, and mountain wave activity were recorded. The latter
category provided the most severe turbulence experienced to date, i.e., c.g.
normal acceleration incremental peaks up to about + ig and 1M.S gust velocities
in excess of 5 ft/sec.

Actual vertical gust velocity time histories containing gust wavelengths
from 70 to 2500 feet have been calculated from the measuremei~ts and used
to obtain gust ve2ocity peak counts and power spectra. Derived equivalent
gust velocities, Ude, were also calculated and found to be comparable with
similar NASA data.

The redirected and extended HICAT progra, will utilize a new digital (PCM)
instrumentation system. This system will include a stable platform which
will greatly improve the precision of HICAT measuremunts and permit tur-
bulence wavelengths in excess of 12,000 feet to be measured.
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Gust probe lonwitudinal areelpratinr /•.i / _ ..

"acceleration is forward.

"C1t .... f •" "t o l....... (r e 2. lu j! p0ouiLiVe TO the
L righit.

4LAverage value of' a

aGiut probe noriaul tieceleration ( -'t/.C2)! positive upward.

Average valu3 of a N,

lMean aerodynamic chord, wing area/wing span (ft).

C La Wing lilt curve slope (l/rad).

Alpha-vare rate of change of normal force coefficient with
angle-uf-attack (i/rad).

C Beta-vane rate of' change of' normal force ceefficif.nt with
NIdesiip angle

S29 Acceleration of gravity (ft/sec/).

l~~g Gust alleviation factor = .83J~g/(5.3 + /A,)

L Scale of turbulence (ft).

N Mass of gust sensing vane (ib-sec 2/ft).

P eAlpha-vane normal force (ib); positive upwart.

Pa Average value of Pp
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VT Aircraft true airspeed (ft/Sec).

VT Average value of VT.

W Aircraft weight (lb).
fGust probe sideslip angle (red); positive relativt wind is

from the right.

Average value of fi
9 Aircraft pitch attitude tingle (rad); positive for aircraft

nose up.
Averagu value of 0

4~ ( ) Spectrum of ()
Aircraft roll attitude angle (rad); positive right wing down.

Average value of 0 .

Aircraft yaw angle (tad); pooitive for aircraft nose right.

Average value of %.

2 4
P Air density (ib-sec /ft )

P' Air density at sea level (J.b-sec/ft4).

Aircraft mass ratio - 2W/p CLa ý- S g.

aCG Incremental C.G. normal acceleration (e), positive up.

L aL a L

ix



Tv T

AO 0-

rW Root mean squrArc gust velocity (ft/sey).

Reduced frequcncy= 27r/ ? (rad/ft).

Turbulence wavelength (ft).

x



SECTION I

INTRODIETION

BACKGRINFD

A distinguishirn characteristic of advanced flight vehicles is the increased
size of their operating envelope in terms of speed and altitude. Optimum
design of such a vehicle is essential and requirus detailed knowledge of the
intended operating environment.

Sometime before 1962 the Air Force recognized the need for better definition
of the clear air turbulence environment, particularly for altitudes above
50,000 feet (Reference 1). Information available then was derived almost
entirely from NASA VGHI r.ecordings acquired during 192 U-2 flights in five
world areas (Reference 2). These flights were made for purposes not directly
related to atmospheric turbulence or the penetration of turbulence. Only
about half of the data from these flights or approximately 5-1/2 hours were
for turbulence above 50,000 feet.

The Air Force realized the danger of relying solely on the acceleration
response of the U-2 aircraft as a measure of turblilence at high altitudes.

A supersonic or hypersonic vehicle of possibly radical shape, flying four to
ten or more timps the speed of the U-2, will obviously have a somewhat differ-
eit response to turbulence than the U-2. An aircraft flying at these high
speeds would be affected much more by longer turbulence wavelengths and less
by the shorter than the relatively slow flying IT-2. For these reasons, the
Air Force enlisted Lockheed's aid to measure high altitude clear air turbu-
lence (HICAT) at altitudes above 50,000 feet in several world areas. The prin-
cipal objective uf the progrem •as to statistically define the characteristics
of high altitude CAT so as to improve structural design criteria. To accom-
plish this result, an Air Force U-2 was to be Instrumented so that true gust
veloc.ity components encountered along the aircraft flight path could be de-
termined.

Lockheed was directed to install and maintain the turbulence measuring in-
strumentation in the U-2 as well as to process and antlyze the data. In this
Joint- effort, the Air Force was to supply the instrumentation, maintain and
fly the HICAT aircraft, and provide overall direction: of the program. Under
a separate contract (Referauce 4) Lockheed was directed to utilize the data
gathered in the flight program to develop a statistical model of high altitude

* CAT. The model would then provide meteorologists with a basis for The pre-
diction of atmospheric rough spots.

HICAT PROGRAM HISTORY

Most of the aircraft instrumentation was provided off-the-shelf from Air Force
inventory in order to keep within the modest HICAT budget. In xr-Any instances
standard instruments were rupplied which were not. particularly intended for
turbulence research.

Aircraft velocity, center-of-gravity acceleration, and altitude



Installation of the instriunentation wan begun at Edwards 0FB on 18 March 1963
after inspection and preliminary calibration, Installation work wao halted
iL .Tiimý 1QA'4 ulion +.ho Ssi)-o.r-.u9 wn s-onuilrar fntm n liihpir -n"n'*iv -.v -Ai" 'Vi-r.~

program. The aircraft was unavailable -to the program almost continuously

until 26 December 1963. In thin period, it was established that the Giainini
bype guwb prr,;L)( or.LgirultJly 5upi).L±~d Lu iW±= P.rU8~.CtU1 %-t&6 U. D(P*U8.-&i J L'CtCL)Uj;
model, and hence not reparable by Giannini, the licensed manufacturer This

probe (a low altitvde device used in th'_ B-66B program, lleferenc- 3) wan In-
tended for interim uAe only until n "tore sensitive probe could be purclaned.

However, a new Giamlini probe could not be built to meet the requirements for
high altitude gust measurements because appropriate 1 psi pressure trans-
ducers were unavailable.

Consequently, at the requeit ot the Air Force, Lockheed deuitnied and built a

high altitude gust sensor. The sensor design was based upon the fixed vane

principle (for description, see page 4 ) utilized successfully in a recent

investigation of tail buffeting turbulence on the IUN rDA ~tatrol bomber.

Fortunately, it was possible to adapt the Lockheei gust sensors tO the nose

boom previously fabricated for the Giannini probe.

On 27 December 1963, the Mobile Data Systems Van (a mobile ground station for
instrument maintenance and calibration and for rapidly couverting flight re-
corded magnetic tapes to analog oscillograms; see page 9 ) vas moved to EAFB.
The HICAT field team, consisting of an instrumentation engi.eer and three
technicians, followed on 30 December Lnd completed the van equipment checkout
on site 10 January 1964.

After two more delays, totalling approximaeely a month because of aircraft
and then engine unavailability, the first HICAT checkout flight was made on
20 February 1964 and the first HICAT search on 3 April 1964. In the period
ending 15 July 1964. 18 HICAT search flights were completed, five from EAFB,
California, four fium Fitrick AFB, Florida, and nine from Ramey AFB, Puerto
Rico. Approximately six hours of high altitude CAT of predominantly light to
moderate intensity2 was encountered on thccc flights. (See HICAT log, page88.)
Turbulence in tne vaveleng•mi range frrom 60 to 2500 feet was located and re-
corded approximately 14 percent of the time at altitudes above 50,000 feet.

In the work accomplished thus far, the HICAT aircraft had to be shared on a
day-to-day basis with other higher priority Air Force programs. This mode of
operation caused HICAT flights to be made during daytime hours on a more or
less scheduled basis. For this reason, the flights only occasionally coin-
cided with optimum turbulence forecasts.

On 15 February 1965, the HICAT program was redirected and extended. HICAT
searches are expected to be resumed near the end of 1965 with improved in.
strumentation capable of accurately measuring the very long turbulence waves,
i.e., those up to 12,000 feet or more in length. The new instzx-mentation
system will be a digital (PCM) type. It will have sufficient capacity to

2 Approximately ± O.lg to - 0.Tg in terms of e.g. acceleration



to record up to 12 channels of data in addition Lo tho'e required for the
HICAT measurements. Thus, measiurements related to HICAT research such ae
electric field strei~th, ozone concentration, particle counts and the 1:!

SEJTION II

fTfCAT INSTi3UMSNTATION SYST¶M

GENERAL

The H}CAT instrumertation system is composed of three main elements. The
first, of course, is the aircraft and the airborne instrunentation (Figure 1).
Basically this consists of sensitive vertice.l and lateral gust sensing vanes
mounted on the end of a long stiff boom on the nose of the aircraft (Figures
2 and 3). These vanes detect the fluctuating turbulence velocities by small
changes in angle-of-attack relative to the airplane. Analog signals propor-
tional to the angle changes are generated by the gust sensors during the
flight eand recorded in frequency modulated (FM) form on one inch magnetic
tape. Also recorded and lined in the .nust velocity equations t') correct for
the t-ffects of aircraft motion are me•tsuremcnts of airca-ft at+itude angles,
angiulai rates, and three axis accelerations. All the guut measurements are
recorded using the lowest speed mode of the tape recorczr. In this way a
continuous recording of the entire flight from takeoff to landing is obtained.

The second element in the instrumentation schetre is thk Mobile Data Systems
Van which accompanies the aircraft to all bases of operation. The Van pro-
vides facilities for instrumentation maintenance, calibration and pre- and
post-flight checkout. Perhaps more important, the Van contains aquipment for
the rapid production of an analog oscillograph record (i.e., a time history)
from the high speed playback of the flight recorded magnetic tape. This
record is callud the "Quick-Look" and is made immediately after a HICAT
search flight. The "Quick-Look" record is examined to determine the extent
and intensity of turbulence encountered and to check the performance of the
instrumentation system.

After evaluation, the flight recorded tape and the "Quick-Look" records are
transmitted to the third element in the HICAT instrumentation scheme, the
grcund station. The ground station converts the flight recorded magnetic
data tape to a computer compatible data tape based upon editing information
derived from the "Quick-Look" record. Three significant functions are per-
formed in this process. The ground station electronically filters the data
to eliminate electrical noise as well as those signals at frequencies above
those of interest, i.e., greater than 10 cps. At the same time, the ground
station reads the selected portions of the analog recorded aignals and con-
verts them into calibrated signals in binary digits. This information is
reformatted and recorded on half inch computer compatible tape for use in
the various HICAT computing, program .



I
FUNCTIONAL DESCRIPTION

Airborne Instrumentation

Th ; i,--r.etLuAL~jfiun consasts Dasically of the gust probe with
associated transducer 9 for making the gust 'measurements, strain controlled I
oscillators, and magnetic tape recorder as shown in thf vy•tem 1)1oc tIre--

in Figure 4. A transducer simulator is used to calibrate the perfonrnnce of
the strain controlled oscillators and the time code generator supplies time
base reference signals. These components are described in detall below.

HICAT Gust Sensor. The determination of the gust velocity components of
atmospheric turbulence from an aircraft flying through it generally roquiree
the measurement of two quantities:

1. Motion of the air disturbances or gustL relative to the aircraft.

2. Motion of the aircraft with respect to the ground.

The first measurement is normally accomplished by detecting component changes
in flow direction, flow velocity, or flow pressure. The second is obtained
by observing the vehicle's motion from the ground by optical or electrical
means or by recording the motion with respect to an inertiail or gravity ref-
erence carri.d aboard '6he vehicle. Accelerometen.s and gyros were used for
this latter purpose on the HICAT program.

The measurement of item 1. above at altitudes of 50,000 feet or more from a
vehicle operating at high stabsonic speeds requires a sensor designed to
satisfy snse fairly restrictive requirements. It must operate at tempera-
tures ran •ing from 130OF on the ground to -100°F and atmospheric pressures
varying fv'om 14.T psi to about 0.5 psi at altitude without significant change
in its zero reference or sensitivity. The instrument must be able to accur-
ately detect atmospheric gusts with velocities as small as 2.2 ft/sec over a
frequency range from near zero to 10 cps. In practice this requires an abil-
ity to resolve angular changes in flow direction of the order of '/20 of a
degree.

The fixed vane sensor developed by Lockheed meets these requtrements. The
sensor conmists of a light weight wedgeshaped vane (4-inchi span and 2-inch
chord) attached to a specially constructed stra-.n gaged beam. The slotted
construction of the beam allows the wedge to deflect parallel to itself under
load. Figure 5 shows how this deflection takes place without change of
argle-of-incidence. Note that this would not be the case if the wedge wo•re
mounted on a simple beam as shown in Figure 6. Here the aerodynamic lift
load bends the beam and causes the vane to rotate changing the angle-of-
incidence by a small Lmnd undesired amount (Lý X ).

By measuring the lift load in terms of shear instead of bending moment, con-
siderations of moment arm changes due to center-of-pressure shifts on the
vane can be entirely eliminated. Figure 5 shows the strain gage installation
used to accomplish the measurements of the vane vertical shear or lift. The
shear is a fuiction of the difference in the bending strains between the fore
and aft gage stations. The Wheatstone bridge circuit arrangement of the
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strain gages produces an electrical signal directly proportional to this
differ'nce. At the same time. the strain aawe circuit cancels out all un-
wanted responses. That is, there is no electrical response due to twisting
of the -vane about its longitudinal axis, no response to sideways loading of

The gust nsor design is comparatively rugged. It will withstand airloads
as large as 1 12 lb without damage. The sensor is also vf.ry stiff. The
fundamental or natural bending frequency is 155 cp3 when the sensor is mounted
on the gust probe. This frequency is so murth greater than the turbulence
frequencies of Interest (approximately 0-10 cpo ) that m-xisrý= amplitude dis-
tortion in the measurement is less than 1% for frequenc ies below 10 cps.

Despite its comparatively stiff and rugged construction, the gust sensor is
extremely sensitive with an output of about 12 mv/v per pound of lift or
about 0.15 mv/v for a 1 ft/sec vertical or lateral gust at 60,000 feet. This
relatively large output results from the use of semiconductor strain gages
which have an output over 25 time~s larger thvn the usual wire or foil strain
gage. Detailed specification and calibration data for the gust sensor are
included in Appendix I.

'IMe HICAT Guit. Probe consists of vertical and lateral gust sensors grouped
abouit a central pitot-static tub'2 (AF type MA-1), na shown in Figure 3.
Vertical and lateral accelerometers and a very senrsitive airspeed (pressure)

transducer installed inturnally just behind the gust sensor attach points com-

plete the gust probe instrumentation.

HICAT Nob' Boom. The nose boom is used to support the gust probe sufficiently
far alicad of the aircraft nose as to be relatively unaffected by the aircraft
flow field. Normally it would be attached on the centerline to the most
fornard part of the nose of the aircraft. However, radio gear in the nose of
the U-2 precluded this type of installation. The boom was therefore installed
just under the nose as shown in Figures 2 and 8. This also caused the pilot's
pitot to be relocated as shown in Figure 8.

The boom was originally designed to mount the Giannini gust probe. For this
purpose, it was made of 6061 aluminum alloy tubing, 3-1/2 inches in diameter
and .188 inches thick. Overall length from the nose of the aircraft to the
gust sensing head was to have been 80 inches. U• explained on page 2 , this
gust probe could not be made to satisfIy the 1equirements for high altitude
gust measurement so a Lockheed-designed sensor was installed.

With the Lockheed probe installed, overall length to the tip of the pitot-
static head was 77.3 inches. The gust sensing vanes were located 10.0 inches
back of this point as shown in Figure 3. Despite the somewhat greater mass
of the Lockheed sensor, boom stiffness was considered adequate without
additional modification. Vertical and lateral boom bending frequencies 'Were
l1.l and 12.7 cps, respectively, or about twice the bighest frequency of
interest.

Transducers. A total of twenty flight data and turbulence parameters comprise
the HICAT measurement list shown in Table I, page 6. A summary of transducer
specifications is also included for each measurement. In order to be com-
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patible with the strain controlled oscillators, all of the transducers except
the altimeter 3 utilize resistance type strain gapes or variable resistanep
ty pickups. x.mne location of the transducers rnd related measu.ring equip-
ment is shown on the aircraft planview in Figure 7. Installation photographs
of ihe significant items of alrernft i-4,nn+--+. .. t- a .....
through 19.

Strain Controlled Oscilletora. These oscillators use a resistance bridge
(of whbJh the transducer is the main element) aij source of signal voltaga
which linearly shifts the frequency of the oscilL tor. The magnitude and
direction of the frequency shift is proportional to the magnitude and direc-
tion of the resistive unbalance produced by the trarsducer. Thus the
measured quantity modiflates Lhe oscillator frequenc.ý signal which is then
recorded cr, tape.

The oucillators are G.F.E. Bendix-Pacific Models TOR-` of i956 manufacture
Four of the five subcarrier frequen('i i used are changed slightly from the
standard M-RG values as indicated in Table II below.

TABLE II. 0UECARRIER FREQUENCIES

(1) (2) (3) (4) (5) (6)

Band IRIG HICAT Recording X17.5 HICAT Playback IRIG Band
(cps) (eps) (ps)

4 960 829 14,500 14,500 13
5 1300 1257 22,000 22,000 14

6 1700 1714 30,000 30,000 15
7 2300 2286 40,000 4o,ooo 16

8 3000 3000 52,000 52,000 17

lThe frequencies in column 3 are selected in place of the IRIG standard in
coltmn 2 in order to permit playback of the flight data on the ground at
I.5 times the record speed or 30 in/sec. At this speed the data appear at
-standard IRIG frequencies corresponding to bands 13 through 17 as shown in
the lazt three colum-ns of the table.

rhe strain controlled oscillators are installed on the lower hatch. They
lre Just discernible in the center of Figure 22.

3 The altimeter transducer Js a variable capacitance type device and comes
equipped with its ovn oscillator.

4 Although replaced in most modern FM syt;tems by the low level voltage con-
!trolled oscillator, the CO's performed adequately during the HICAT tests.
Standard deviation of center frequency and change in sensitivity during a
given test was generally less than 2% of the bandwidth.
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Airborne Recorder. The airborne recording Is done with an Ampex AR 200 mag-
npl~r- +j~rý -- -.I-l n I.v4 - n 1- 1) is,-A .
several channels of data on each tape track, only 8 track; are required to
record all the HICAT data including the various timing and cout rol signuls

uiluj pli.Iu '3 voice. "igure ]i shows the recorder instaliine in tne upper
part of the aircraft equip ilent bay.

To aceommnodate the speed scaling 6tscribed above (tape record speed/tane
playback speed = 1/17.5), the recorder is modified to operate at 1-5/7 in/see
instead of the standard 1-7/8 in/sec. Dy this means a 7-hour flight recording
capability is obtained with 1 mil tape. At the same tlme, the capability for
rapid playback of the data at the standard tape speed of 30 in/sec is Jiro-
vided.

Time Code Generator. The primary function of the time code gelner.ator is to
provide time base reference signals for the recorded data. F-r this purpose
two time cdes are recorded simultaneously with the test data. The codes
used arc IRIG B and C.

IRIG B provides the basic time reference used when convertinr4 the FM analog
taPe to a digital computer compatJIle tape. IRIG B time is resolved to the
millisecond and carries year, day, hour, minute, and jecord inforuntion.

When playing back the data to make the "Quick-Look" oscillograph record, the
tape speed is normalLy increased by a factor of 17.5 cver the record speed.
At this speed the IRIG B code is too compressed to be legible on the oscillo-
graph record. CUrisequently, the slower IRIG C code furnishes the oscillo-
graph time reference.

The time code generator also provides two reference signals to enable errors
in playback speed to be corrected. These are the capstan control signal and
the wow and flutter or tape speed compensation signal. Finally, the time code
generator supplies the tap, recorder raotor dr.Ive frequency.

The necessity for providing these last three signals (normally supplied by the
tape recorder electronics) is the non-standard 1-5/7 in/sec record speed which
is in turn governed by the 17.5 to 1 speed scaling requirement to conform to
the IRIG standards of the van and the ground. digitizing station.

All the time code generator signals are derived by means of flip-flop count
down circuits from one source, a 750,000 cps crystal controlled oscillator.
Figure 11 shows the time code generator installed in the upper forward part
of the aircraft equipment bay.

Calibrator. Thi ualibrator or transducer simulator, when actuated by the
pilot, replaces each transducer with a Wheatstone bridge circuit of fixed re-
sistance and then sequentially shunts a calibrate resistor across adjacent
legs of the bridge. In this way a stable center band reference level signal
and upper and lower band edge reference sigrals are obtained. These c-alibrate
signals then provide a direct measure of thd center frequency drift and sensi-
tivity change of the strain controlled oscillators.

8



Mobile Data Systems V.in

The HICAT Mobile Late Systems Vni. is a specially equipped Fruehauf trrl1Cer,
Figure 13. The equiplent in the MI• Van used during, the norrmil playback
function consisLs of a tape reprodupier.; Im"DiflpTRp. .

and analog oscillograph recorder (see Figures 14 and 1.5). Tape spced corr'e-
tions are provided by a wow and flutter compensatLion nystem. A block diagram
of the Mobile Data Systerm, Van is shown in Figure l6. A detalled denerIption
of the system components appears below.

Magnetic D.pe Reproducer. The magnetic ta1pe reprilwu-er Is n. (Consnls1idrnted
E]htctrodynamics Corporation Mod-l 5-752. The transport can be operated at
I-7/8, 3-3/4, 7-1/2, 15, 30 and 60 inches per neconld and haio 1-1-inh hoeads In-
stalled. Normal HIICAT playback operations are performedi at 30 inolh!f per
second Cr 17,' times record speed. Electronics to play back 8 tracki sBnmil-
taneously are available and are used to reproduce the 6 tracko of data, 3.
track of time and 1 track of voice. The voice 'r:.ck is not normslly readable
due to the increased playback speed but the presence of voice, activity is
observable.

Amplifiers. The tape reproducer output is passed through Macintonh 1D-30 or
M-ITO high fidelity amplifiers to insure a proper impedance match and drive
level to the following circuitt. The amplifiers aru low dintortlon, hiLgh
power gain devices providing 30 and 40 watts drive capability.

Subcarrier Discriminators. Twenty-four Electromagnetic hesw irch Model 67 sub-
carrier discriminators are installed in the Van to process the data. These
devices select the subcarrier band of the tape track and convert the frequency
modulated data to voltage data. In addition to channel selection, the dis-
criminator controls provide fur adjustment of the gain (volts per cycle per
second), zero balance and zero signal l.evel. The r-itput filter chnarcteris-
tic is selectable. For HICAT the output filters have a corner frequency of
about 1'(4 cps equivalent to 174/17.5 or about 10 cps in real time.

Tape S0perd Compensation System. Two Electromagnetic Research Model 96F tape
speed compensation systems each having 12 channels capability provide a
correction signal for tape speed wow and flutter. This system eliminates
more than 97% of the wow and flutter errors over the system bandwidth and
thus makes practical the slow record speed and subsequent speed Lcaling.

Recording Oscillograph. The output signal is fed to a Consolidated Electro-
•amics Corporation Model 5-119-P3 oscillograph using 32 C.E.OC. 7-319 galva-
nometers for data signals and 4 C.E.. 7-316 galvanometers for ýhe timing
signals (see Figure 15). The data galvanometers have an undamped natural
frequency of 585 cpa and when damped are flat to 350 cps. Tis latter fre-
quency corresponds to about 20 cps in real time for the data and represents
the upper limit of the data system bandwidth (i.e., for all practical pur-
poses, signal frequencies higher than 20 cps are completely eliminated by the
low pass output filters of the dlscriminators).

Tue oscillograph is equipped with a C.E.C. Dutarite Magazine Type 5-036 which
d-•velops the flight record almost instantaneously and provides the dry "QLick-
Look" nscillogram raady for evaluation.
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Accessoir Test Equii mnnt. In additJon to the above maiii line elemennts of t1he
Van data system, several items of test equipment, and minor components are
required to complt,_ the operating system. Patchhnr, switchin'r and control-
ling circuits are provided to route deta and test sigtnals to the discrimin-
ators, establish specific programmed run £-onnections, and provide for rapid
coluiection of tCst equipment for troule•t shouting.

A rack or tesLt equijinnt inclndiwi; a counter, oin o:nc ,1* !1ocotp,,, it vow-
airuter und two) o ]t 1 ori-, flfill mo:; of the Vall and :;otrmt' o Jf t a.U IireCraft
trouble aho .t:Io-U, requirements.

Portable ten•t eotiipment eonsistln:- of a voltemetel', !.wo harmonic analyzors,
two frequency counters, and fn usell lloscoyH complete lhe trouble shooting
equipment needs fur the aircraft and provide the ele rl'onies" Lu perform pre-
and pos4t-fll:ht iýtjli .rattoli and time, t6tnlg.

GrotuLd Station

The lM analot.,g talpes were prcuessed at the Edwards Air Force BDse Aeroslxce
Data Systems Branch ground station. The conversion process is illustrated in
tile block diagram in Figure 17.

Upon playback, he multiplexed signals from the six data tracks were routed
to discriminators where the isubenrri!er signals were separated and d.c. voltage
signals proportionpil. Lo the output of the transducers In the HICAT aircraft
were recovered. The d.c. voltaLge signals were them fed Into the analog-to-
digital (A/Dl) converter wherc the data were sampled and converted to an
eleven bit binary word through a convergent process of successive comparisons
of the sample amplit-ude wi Lh precise reference voltages. The range of the
eleven bit binary w'ords in de'2imal mode is ± 1024 counts providing maximum
resolution of 1 part in 2040. Signals from the time code track are also read
during playyback and serve as control input 'or the sampling rate of the A/D
converter. The sampling rate used throughout the program was 4o samples per
second. Tee function of the output control is to serve as a buffer (temporary
storage) for the incoming binary data words and the decoded tim? wn),,s, pro-
vide computer -ompatible output foi-mating for the irformation in storage, and
have capability for writing this information on half inch digital ta-e.

Calibration of the samplad data on the digital tape2 was performed on the
IBM 7094 computer under the control of DFOF FM Calibration Program. The
calibrated data in engineering units was output in a binary tin-e frame format
on a standard half inch digital tape. Each data frame consists of the time
of day with the sampled data for each of the twenty parameters recorded at
-that tine.



SECTION III

DATA ACQUISITION

HICAT SEARCHES

A general requirement of th2 HEICAT dat~a acqusit ion 11hase is that turbulence
data be accumulated during different scasons of the year and over varying
geographical terrain. In the HICAT program to date, fligiits have been con-
ducted from Edwards Air Force Rkis:, California; Patrick Air Force Base,
Florida; and Ramey Air Force Bastý, Pue7-,o Rico. The flights from Edwards
covered large portions of C.-alifornia, Nevada and Arizona. Those from Hatrick
passed. over Florida, Georgia, South Carolina and the Bahama Islands. The
Ramey based flights were over the West Indies area and the Caribbean Sea.

The U-"' HICAT flights were carried out by pilots of the Edwards Air Force
Base Special Pt'ojecti; Branch of Flliht Test Operations under the command of
Lt. Ccl. Harry Andonian. As indicatcd by the Flight Log in Appendix II,
Coi. Andonian, Capt. R. B. Lowell, and Capt. W. H. Shawlr together made 33
HICAT test flights totaling 94.7 flight hours. Eighteen of these flights
were planned searches for high CAT and 14 of the 18 resulted in CAT encounters
of light to moderate rou;hness. In addition, high CAT was penetrated in three
of the 15 incidental fli:ght tests. These were aircraft check flights, instru-
mentation check flights, and ferry flights. Overall, 7.4 hours of high CAT
was recorded, 6.1 of them coming from planned searches based on CAT forecasts.

Track maps oif the HICAT flights are ineluaed in Appendix II with the flight log.

In ideal circumstances, a prnparetion for a HICAT search flight begins a day
or two before the aircraft actially flies. At this time the developing
weather trenas are studied to determine if conditions are likely to be
favorable for CAT and a decision is made as to whether support aircraft will
he needed.

HICAT FLIGHT DESCIPTION

HICAT support aircraft werz' of two types. A B-47 was frequently used as a
low altitude turbulence scout and to furnish navigational support to the U-2.
For overwater flights, a C-511 Air Rescue tra•nsport patrolled near the HICAT
search area to provide immediate aid ii; event of a mishap.

Orn the day of the WILCA5T flight (assuming conditions are sti21 favorable) a
flight. plan is prepared and the pilot briefed on high CAT conditions and any
special flight tests to be performed. Meanwhile, the aircraft is preflighted
in the hangar. The instrumentation is checked and then the tLme code gener-
ator is turned on and the time set in. The aircraft is then towed to the
takeoff point on the runway.

The pilot arrives, garbed in his high altitude pressure suit, and climbs
aboard. He has prepared for the HICAT flight by breathing pure oxygen for an
hour or more prior to takeoff to eliminate nitrogen from his blood.

The engine is started and all test instrument-ation comes on, including the
tape recorder. The aircraft takes off and climbs to above 50,OCO feet and
fli,;s to predicted or suspected areas of turbulence. Tt monitoring his e.g.
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accelerometer, the pilot can readily evaluate the intetioity nf any rough air.
TI s5i.-ill ,if ,nt (+ I.'t nr h fin--,"'\ + ,, l-! nne !c 1nnr _,tnfn t

maneuvers so as to define the turbulent. area. Fairly .level straight runs
are then imade througjh the turbulence. M/lien riot in tuibulence, control pultjues
Ail %I U.1- L UU -(A'ku[,hM LMIU 1. L ,1 l i.e p i i.ch m n,-uvrrs nr r-oA..L.ercoas ters are

N'rfomod ! to check th" ins trument:ntl G, The Pvrape IIICAT flight lasts about

U1pn rutunia•ft from a CAT search, the aircraft is towed to the hangar for
jostfl !i;ht instrunelntnl;ion procedures and cheeks. The pilot is debriefed
and thc "Qulck-Look" oscillograph record examined to evaluwtr the tux'buleneu
pe~netrated as well as for evldence of instrument malfunctions. Waxiknum anti
minimup, turtul.ence acoee? rati us and Equivalent derived gust velocities are
determined at this time .'or comlarisoll with the pilot's report.

SECTION IV

DATA PROCESSING AND ANALYSIS M!I'IIDS

GENERAL

The main purpose of the HICAT data processing and analysis is to statistlically
define the essential characteristics of high altitude clear air turbulence
in a manner usefiu. to the aircrcaft structural designer. Secondarily, the
analysis will atcempt to correlate the turbulence measurements with signifi-
cant geoplhsical and meteorological factors.

The first step in processing of the digitized data after it is reformatted is
numerical filtering. This filtering process further improves that already
performed (lectronically and completely eliminates frequencies greater than
10 cpsn Corrected gust velocities are then computed utilizing the equations
shown in Appendix If and plotted in graphical form along with the other flight
parameters (i.e., airspeed, altitude, temperature, Mach number, e.g. acceler-
ation, etc.).

Because of the apparently random character of atmospheric turbulence, statis-
tical methods of analysis are employed. These consist primarily of peak
counts of the gust velocity time histories and computations of gust velocity
power specetra,

I-AK COUNTING

This program counts and classifies into pre-established positive and negative
intervals the miaxima or minima (paaks) in a set of discrete time data points
such as could be obtained from a gust velocity time history. A peak is de-
fined as the maximum or minimum value between two intersections of a certain
narrow band. For most of the peak counts contained herein, this band was
the mean value of all the data plus and minus .1 of the smallest peak count
interval.

Individual peak count plots are obtained by an accumulation process wherein

12



all the positive and necative p.eaks within a velocity or- accel.ratlon inter-
val are first added to.,ether anti then surmnd over all- inte'v-als lb.ginniiw•

. . . ...l ULM ty. Ctha -•5 1.. .in way -
count distributJon is obtained. By dividirig by the total numhb(er of miles
in the turbulence sample, the dir tribution becomes o3 anu .itr, of th,, ['n•.,I
quency of equaling or exceeding a given veLoc..iy or aeceheratL'on Jev,.i ]er
mile of flight, e.g., qcr Figures 24 through 34.

POWER SPECTRA ANALYSIS

This method of an•ilysis involves the mean-square value of o func~tion and has
by electriua]l anel.ogy come to be considered in 5t rms of aver-ge power. The
power spectrum or power spectral density of a function (,.g., a !,uat velocity
time history) describes the sunalcI' in which the total average powei of the
function (velocity amplitude oquare'd/cycles per second) is distributed over
the frequency ran;&c of interest. In essence it provides a statistical meas-
ure of the mean square- amplitude of a measurement for each of a number of
narrow but discrete frequency bands. The square root of the sum of all' these
values over the frequency range of the spectrum gives the RID value of the
spectrum data.

Normally, power spectra from uniform time series data are computed and plotted
as a function of cycles per second or radians per s,eond. However, in turbu-
lence work it Is desirable to interpret the cyiles per second in terms of
wavelengths iii feet or inverse wavelength in cycles/foot. Thus, to obtain
the ordinates of the spectra i,, cyci es/foot requires dividing by the aircraft
speed in ft/sec. The average true airspeed of the aircraft was the value
used for the slpeecra appearing in Figures 36 through 68.

Further description of the HICAT data processing and analysis methods is
contained in Reference 5.

SECTION V

INTERIM RESULTS

The results acquired in the HICAT program thus far include Lime histories,
peak counts, and power spectra of gust velocities and related flight param-
eters. A summary of HICAT data processed and analyzed to date is presented
in Table III.

TIME HISTORIES

Time histories were plotted of all the data for which gust velocities and
gust velocity spectra could be determined.-' For this purpose, turbulence

5 Longitudinal gust velocities were not computed because of the frequency
response limitations of the pitot-tube.

13



LO "H.0 \z t -

LI\ 4y ciJ (ic
+ +.+ +id +

CIf

C) 'q C clý )

0

;2 )C ,) c)C - V. Y z -- OO L : j-E - E ( ) ~j N -4 CQ -1 N W ~j C~ Cj 4 A M 11 0tfl -'O~",HDOL'OcrO~rOOOEll

c-c
tn L% 0kr\ -i 0 V C)(r)0 0 0 C) 0 0

ý!1 4'I r rC)NL -t00C

L', (;ýý CFt!: ý ý;-W k

ci)

P' 414
I4 ISI ;-4 t- -

0) Q (D ) 4 a) ) 4 0) E-
4 C, l

AA 9 A'. M- Mc A CJr ýQI io~p r-cc wI~' w'. Vic'A

'\I



test data were divided into runs or snmplc- of '.. % o foux minutes hl'ornt,..
'TDe run time histories were used prlmari]y to ev(rluate the quality of the
data after digitizing and filtering and to check the gust velocity and pen:-.

appeared to be random and fairly continuous with no obvious periodicity or
dlUsirte gust peaks. The data also appuared tn be sensibly staWJonory.

A two-minute sample time history ot,-.!h•cccd i'fro.-, 7 riLm i of test 33 l.
in Figures 1P through P3, The de ,la rotted include v(rticaL 6u, w,,,..
c.g. normal acceleration, left wing nodal acceleration, It:]rived uqnivaJ..r
gust velocity (Ode), and aircraftf equivalent vel,]eity (Ve).. In Ihc guu.
velocity Lime history shown, frequencies less than .2 cps and greater than
10 cps were removed by numerical filtertn6. Removal of the very lcw frequ.:Ii-
cies was required because of inh•erenG limitations of the instrumentation.6

PEAK COUNTS

Figure 24 presents actual gust velocity peak count data in terms of frequency
of exceedance per mile of a giVcn vlue of vertical gust velocity. Since
these data arc the first of their kind at high aitiLt4e., no data are avail-
able for comparison except the runs shown. Comparison of the true gust
velocities with derived equivalent gust velocities (Ude) is meaningless. A
true gust velocity describes an atmopheric condition directly. A Ud, on the
other hand is a very indirect atmospheric description derived from an sir-
craft's e.g. acceleration experience utilizing, simple but frequently Inappli-
cable assumnwtions (see Appendix IV). The Ude concept Itas been utilized in years
past for lack cf actual gust velocity data and Lhe analytial mcihnds ton use
them.

Figures 25 through 33 present freqiency of exceedance plots of Ud, and e.g.
norm]l accelerations. The accelerations data have been included to give a
direct measure of aircraft response as well as to indicate approximately
what the pilot feels.

The HICAT Ud. data may be properly intez'preted provid.d the followini4 dio-
tinction is made. The HICAT data were obtained in flights made for the ex-
press plarpose of encountering and continuously sampling turbulence above
50,000 feet. Consequently, all miles in the HICAT Ud plots are turbulent
miles. However, the or.Cy Ude data available for comparison come from NASA
TN D-548, reference 2. In reference 2, the turbulence described was encoun-
tered in non-random flights nmde for other purposes than to collect turbullence
data. Consequently, the cumulative frequency cuirves of Ud, contained therein
are based upon total flight miles of which only a small percentage were turbu-
lent.

Figure 34 presents the cumulative frequency data from reference 2 comýared
with the HICAT data from test 33. HICAT test 33 was selected for comparison
for two reasons: (W) measured e.g. accelerations, ard hence Ude values, were
among the highest recorded to date, and (2) terrain and associated "mountain

6 This is not expected to be necessary in the redirected FICAT program

because approapriate, precision instrumentation will be available.
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I
wave" tiurbule-nce ar, believed to be very similar to some of the Japanese
datn of referenoe 2.

'M-_ IZTPAT .+. .hn,-. •+ i-e,, t'nn I- inn mnn h Pra based on.I.v ur)on the leonth

in miles of the total turbulence sample. By includinr all the miles above
50,000 feet on test; 33ý, nonturbulent as well. as turbulent, the -curve may be

Note that thes, twlo I[ICAT curvwa dl ffer by an order of mnlriitudo, indi'uti.nt
that for test 33 the anirraft was In turbulence about 10% of the time. The
data et the bottom of the figure is for routine reference P flights LIn which
turbuLelnce wasv encountered aLout .% of the time. The diffurence b(etweet~n tLe:
io0% and the "% turbulncee re•lLets directly the type of minsions binng flown.

Note tLhaLt the adjustc•d ILWCAT UI,¼ data moot closely approanh tLhe data from
the reLatively seve-re turbu].ence encountered jveor Jaltin. Befori-mee 2 indl-
rates that two flights, CW-58-2 and Uw-58-4, arte reopons.blu for most of the,
Ude peaks. These two flights include about 9% of the total mil.cs flown in
the Japanese area, yet they contribute more than 201 of the turbulence mileo.
Most sig-nificant of all, they contrilhte 1-90, of the data above 4f ft/sec and
all the data above 10 ft/sec. By assumlnt as is very nearly the case that
these two flights comuprise all the sigrnificant; turbulence experience over--
Japan, the euriu3cvLwve tzczcLuCncy cUrve for Wie Jalpiri•,:- data will shift up-
wards by an order of magnitude. On this basis, tIle data, are comiarable to
the HICAT data rnd Ln Tnct are ccii 'L L be nearly (ot0no t w [Lt thnm.

Fig[ure 35 presents the varittion of Ude with ,il-tiLtd presently used in de-
sign of military aircraft (see reft:rence- 6). Sui.rimposed on this figure are
Ude data points obtained in various HICAT flights. Note that in approximate-
ly 24h,00 miles of flight in HICAT searches, the design values between 50,000
and 60,000 feet have not been exceeded. Thus far, a significant margin ex-
ists between the highest recorded Ud and th, design value in this altitude
band. More data samples will be requilred to permit further reneralization.

rPE SoiETRA

Power spectra of vertieal gust velocities are presented along with power
spectra of VT A a and VT AXf in Figures 36 through 68. The grouping of
tle '_ectra Qs by ascending test number.

The VT A a an VTA T l referred to above represent, respectively, the
product ef true atrspeed and in'remental anglu-of-attack and trae airspeed
and sideslip :ngle. Tley are the uncorreeted vertical and lateral gust
velocity comrpon-nts. For frequencies above those to which the aircraft
responds (i.e., about 2 cps corresponding to wavelcngths oZ about 1/.003 or
330 feet) spectra of these quantities are accurate representationo of gust
velocity power. Below the frequency limit mentioned, correction is required
for aircraft translation and rotation.

This correction could not be applied to the lateral gust measurements and to
somae of the vertical gust measurements due to malfunctioning rate and atti-
tude gyros. Consequently, only uncorrected lateral gust velocity (VT A f)
spectra are shown with (in most cases) both corrected and uncorrected
vertical gust velocity spectra included for comparison.
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I
The power spectra lables are somewhat abbreviated and require explanation.

f .... u .. 6" are the TeEL numner. The fourth digit
is the run number. The letter stands for the field test site, 'E' for
Edwards APB, IP1 for Patrick AFB, and 'R' for Ramey AFB. The "rt.u- 1 '.ei" !_-
the moment the run began in hours, minutes, and seconds of Greenwish time.
"Diration" or run lep-th is in minutes and seconds. The "No. Lags" is the
number of estimates comprising the spectrum. The "Time Incr."' is the time
between data samples in seconds. "No. Poiin*" is the number of data samples.
"Deg. Freedom" is the number of degrees o.L freedom in the data sample and is
used to evaluate the statistical reliability of the spectrum.

For statistical reliability fthe "Deg. Freedom" should be large, preferably
100 or more. For 100 degrees of freedom one may say that four out of five
times the measured spectrum is within _ 18% of the "true" long tens average
spectrum. /

Mathematically, the gust power spectrum is defined in terms of a scale of
turbulence, L, a mean square gust velocity intensity, rw 2, and an exponent
describing the reduction in gust velocity power with increasing frequency
(decreasing wavelength). The scale of turbulence is no mally determined by
the location of the bend in the low-frequency end of the spectrum. thifor-
tunately, the spectrum couLd not be defined accurately below .25 cps because
of inherent limitations in the instrumentation system. Consequently, a scale
of turbulence cannot be specified from the present data. Hlowever, it would
appear the "L" is not less than tie 2500-foot end point of the present spectra
since little if any bend is vJ1ible.

Too few data samples are available to enable meaningful discussion of root
mean square gust intensity, Ow, except to indicate that the RNE values shown
in the spectra and in the data summary are values obtained by integration of
the truncated spectra without extrapolation to zero frequency.

Data available at much lower altitude& than the 50,000 plus feet HICAT flights
indicate that the gust spectrum may have a constant negative slope at higher
frequencies. Two commonly used analytical approximat'.ons for the spectral
shapes at these altitudes are defined as follovs:

1. Liepmann equation:

a2 L22 (I + 3 1
"" (l + 2 2)2

2. Isotropic turbulence equation:
22

or L 1 +8/3 (1.339 U2L)2

S( = [ -- I1 + (339/l
Thest, expressions predict high-frequency slopes (on a log-log plot) of -2 and
-5/3 respectively. The HICAT date plotted in Figures 54 and 66, for examrple,
tend to follow similar slopes, lying closer to -5/3 than to -2. The gust data
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not well defined. More data are required before reliable average slopes can
be determined.

SECTION VI

MEOROLOGICAL ASPECTS

The meteorological aspects of the HICAT program are basically threefold:

1. Selection of HICAT sampling sites.

2. Forecasting rough air in the uite area and establishing flight

plarrs.

3. Analysis and interpretation of data.

S'AMPLING SITE SELFCTION

Wind shear is the most important source of energy for the production and

growth of atmospheric perturbations that cause rough air. •i Consequently,
those regions having particularly high wind shears such as the jet streams

would have the highest probability of also having rough air. The jet streams

said the seasons considered optimum for encountering rough air are indicated

below:

1. The mid-lac1.tude (30-500) jet that flows in the upper troposphere

and lower stratobnhere from west to east. This jet is strongest

in the winter and azcessible from Edwards AFB, California and

Patrick AFB, Florida, for example.

2. The tropical jet that flows from east to west in upper stratosphere.
This jet is accessible in the sumnmer from Ramey AFB, Puerto Pico.

3. The polar night jet that flows from vest to east over Alaska and

-"Northern Canada in the upper stratosphere. The bottom of this jet
would be accessible from Eielson AFB, Alaska.

Air flow and heating due to the varying characteristics of the underlying
surface (i.e., ocean, mountains, plains, etc.) may cause perturbations in

the troposphere and stratosphere under certain conditions of wiad field and

temperature structure. These pertuihations may cause rough air or otherwise

The terris rough air and turbulence are often used interchangeably. How-

ever, in this section rough air refers to both the compcaratively random

turbulence oscillations as well as to Lhe more -regular oscillations

identified as undulance.
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modify the wind shear field. They can be investigated along with the Jet
stream phenomena from the sites indicated or from other sites in the areas
described.
The above cmnflA~derAtlnr'P •• • co~'t~4nue tbe the b for 1 C T Zitc

selection. As described in Section I1I, HICAT flights have thus far been
conducted from Edwards AFB, Patrick AFB, and Ramey AFB. It is expected th',t
the redire!:ted arid extended HICAT program will conddi:t additional flights
from these bases au well as from Alaska and nther untested areas.

FORECASTING

F'orecasting is obviously important in order to improve the efficiency if'
locating and sampling the rough air. The basic forecast was provided by
the Strategic Air Command. These forecasts were based on a numerical model
thut uses wind shear as the primary assessment for rough-air occurrence and
intensity. Although this numerical model was developed for altitudes below
45,000 feet, it was the only method available at the start of the program.

This rough-air forecast was received from SAC Headquarters each afternoon at
the field test site, i.e., Edwards AFB, Patrick AFB or Ramey AFB. Ideally,
if the forecast was favorable for the occurrence of row;h-air within range
of the aircraft, the Officer in Charge was notified that the following day
was favorable. if weather conditions still appeared favorable on checking
the weather maps the following morning, a recommended flight pattern was
established and the pilot briefed.

Several rough-air data gathering patterns were ut.lized. In this initial
phase the basic objective was to sample as much rough air as possible and at
the same time to cover as much area as practical in order to verify fore-
.asts. In some cases where significant turbulence was encountered, a box or
triangle pattern was flown at constant altitude in order to delineate the
horizontal dimensions. In other cases where the rough Pir appeared to be
associated with local features such as towering cumulus or mountains, several
altitudes were sampled in order to determine not only the variation of rough
air with altitude but also the variation of temperature with altitude.

ANALYSIS AND INTERPRETATION

The analysis and interpretation of the rough air data is conc-ned with
developing physical and analytical models to relate the rough air character-
istics to the meteorological and geophysical conditions. To assist in the
evaluation of these relationships, each flight is plotted on a large scale
aeronautical chart with contours to indicate major tcpographic features. The
areas of rough air and smooth air are charted based upon the pilot's observa-
tion. These track maps appear in Appendix II. The meteorological data were
provided by the Air Weather Service. These data consisted of the surface
weather charts, 500 mb, 300 mb and where available, the 100 mb upper air
constant pressure charts. in addition, the regular upper air wind and temper-
ature data were provided for thost stations near the flight track. Where
available the upper air data used came from the U1SF "listings" and from the
rawinsonde records of Weather BureŽau stations.

The "listings" are wind and temperature data that are automatically calculated
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and printed from balloon runs. Th: Weather Bureau records consisted of
form WIANPO fur win']s and the original radiosonde recorder records for the
temperatures. These records were used to determine the wind and templerature
proldies in oraer to Investigate tne smalL scale (letils of the vertical
atmospherrc structure.

For reýaslns discussed in Section I, the "I-ough-air" data flightq frc-quently
could not be floni under meteorological conditions considered conducive to
rough air, i.e., in vicinity of strong Jut streams, and/or mountain wave
activity. Nevertheless: a significant amount of light to moderate turbulence
wam encountered (6 hours in the searches and 7..1/2 hours overall). Examilna-
tion of these data indicates that In the horizontal. distributinn cf turbu-
lence at least three categories of atmospheric activcit are imsflxrt-ant:

1. Strong wind shear associated with je.]t streams (test 11).

2. Mountain wave activity (tests 7, 8 and 33).

3. Low levlel heatijx including convection.

In this latter category, tests 10, 12, 17-20, 23, 28-30 occurred above or
near towering cumulus or cumulonimbuu clouds in straight or anticyclonic
flew. Tests 26 and 27 from Bamey AFB occurred over convecetive areas associ-
ated with easterly waves (cyclonic flow). On the other hand, tests 22, 24
and 25 occurred well away from visible low level convection yet in the :came
weather pattern.

In order to see if the occurrence of rough air over the Caribbean occurred
under preferred conditions of wind shear and temperature change with height
j x 3 contingency or data classification table was prepared relating the two.
The table indicated that most of the rough air occurrences were associated
with near L6othermal conditions or temperature definitely increasing with
1,eight. Less than 5% of the rough air occurred with temperature decreasing

more than 10C per thousand feet (3WC per 1000 feet is thle adiabatic lapse
rate). No clear-cut relation of rough air occurrence, with wind shear was
indicated. Approximately a fourth of the rough air occurred with wind shears
less than one knot per thousand feet.

The lack of relationship between the wind shear, temperature change with
hejght, and rough air occurrence cannot be explained at this time. It may
simply be, the result of attempting too detailed an analysis with wind and
temperature observations not sufficiently close in time and distance to the
rough air location. It is likely that some of the future HICAT searches will
be conducted directly over weather observation stations to clarify this point.

Additional and more detailed analysis of the K1ICAT data from the meteorologi-
cal standpoint is presented in reference 7 in conjunction with the "High
Altitude Rough Air Model Study".
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SECTION VETl

CONCLUSIONS

I ~It is no~t possibl.(o nor appropriate to present kCinai cozilelliiots ci. thisI
junctureu In the IITOAT p rogram. The r~irn,u(r portioni :f the prog~ram is s Liii.
anenac :nti many unknownso remninr to Pr' -xplorod . lb tsr vex, c ej'tnfl tsr1f ;Iel
kian be maide to summarize the results and acc enlllishnnaen1()t~s Lo drttlý fci; t'loiI'we,

-L. A sensitive high nit [tude gus~t probec has been des~itgned, (ievI.lc);)((]
and. combined with a 7-hour M4 recording, oytstern to suwccessfully

meais rc turbulence velocities.

* .High CAT is relatively cony to l-ocante. It wooE encole' in
14 of 18 1-ETAT searches at altitudes of 1-0,0`0 feet or merc as

* well as in 3 of the 15 incidental flights,

*3 . High CAT enlcou~ntered in the mYajority of flights aippeared to be

associated with low level (tropospheric) convective cetilvlty
nui indicated by swelling ciusulotin and cumulonlmbns clooidn.

4. The most scaere turbulence ertcountr'red was associated with
monin'sainoun terrain and appeared t1-o be of the 'mmounitain wive"
type. The NASA data of' reference 2 apipear to show Ralsimiahii cht racteristi~c

5. The vertical guist. velocity po~wer s*,e-ctra thuls for obtained
indicate a scale of turbuilenc-e at altitudes abonve ')0,000 feeL,
in excess of 25C00 feet.

6.Thrived equivalent gust velocity (lid,) values &etaine.d to date
are well within the 13a desoign enivelop1e spec!I fled b)y i'efeieuce 6).
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Figure 1. U-2 Aircraft Used For HICAT Sear7ches

22



Figure 2. HICAT Gust Probe and Boom Installation on Nooe of U-2

Figurve 3. HICAT rust Probe Closeup Showing VeriAlc1 and Lateral GuctSensing Vanes and Air Force MA-1 Pitut-.3tatic Tube
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Figurr . Dcublc B~eam ".emimr WJi-h Strv.xn Gage

(6ensor- .hown Dqjluctcd Due to Airload)

stangage ~

Figtwo 6. Angula3r Defluct-I in of Aimple Scnsoo
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I

Figure 8. Pilot's Total Preksure Hcad and Nose Boom Attachment

Figure 9. Total Temperature Sensor Installation on Nose of Aircraft
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Figurrn 10. Mugn!'tic TLipe hecorder Iii13talaiotin in Equipment

Figure 11. Time Code Generator Installation in Equioinent Bay
(Upper Hatch Removed)
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Fi-gtn'e 12. In:-trumcntation Inutallatlon on Lowter Hatch
of Equipment Bay

Figure 13. Mobile Data Systems Van
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-Sw

Figure 14. Van Instrumentation Showing Magnetic Tape Rcproducer,
Patch Panel. Electronic Test Equipment, hnd Subcarrier
Discriminatcr Array

Figure 15. Van "Qulick-Look" Oscillograph Recorder and Control Panel
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C.LE.C. TAPE REPRODUJCER~ HC mrT-81 SUB-CAIUUER DISGRnDINATOR

I. I . . __n

TAE ~ TAPE PREiJ.JCk; - ' - Y'1 in.

TANSPORT ELECTRON. (.. D4PE PA CRI14ATOR PAWSK ATCHi) lILT (CONVEfiTER) ILTER

CC14PEJNSATIO /

STSTWi
" "TO GROUND STATION/

ATrm qUHCK WOCK

C.E.C. LIC INGG-- i (P5T RAI M D&@.HI cN''• GALVAWOMETE1iASI. .. . ,• •• -.

CGILCRPi CNRLI.L

OSCILWOGRAPHi
RECXORD TO BURBWrK, / . . DATA IRCCESSIW,

AND• )JALYSIS

Figure 16. SCAT Data Acquisition System Block Diagram
for the Mobile aLta Systems Van

YM ANALOG TO W7141T
- I - PK DI&GD4INATOA -D- IGITAL, -- C0T•ROL

TAPE CONIVMIONO

C#LhB.DATA~ 
OUTPUTCONTROL BA. . IM 7094 DIGITAL

F M DATA IVcO ERm TAPE
COUENTS.)

UTT TO URBAKE
DIGITAL DATA PROGEEZINQ

r-TAPE AND AMALTSIS
ENG .0NIT)

Figure 17. HICAT Data Acquisition System Block Diagram
for the Grouna Station
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APPENDIX I

HICAT GUST SENSOR SPECIFICATIONS AND CALIBRATIONS

capabilities:

Range: 12 lb

-Sensitivity: 11.8 MV/LB,/VOLT (DC-or PMS AC)
@ 78OF .

Thermal Sensitivity Shift: +.O0154(MV/LB)/0F @ 1 volt
or 41.3%/1000F

Thermal Zero Shift: .025 MV/VOLT/°F or 1.3%
Full Scale/1000 F

Test Temperature Range: -102°F to +130°F

Natural Frequency (Undamped): 170 cps

Sensor Weight Ahead of Guges: 0.0365 lb

Overall Sensor Weight: 0.25 1b

Mhe sensor temperature and load calibration data are presented in Figures 69
and 70. The sensor load calibration responses for various combinations of

loading are shown in Table IV, page 86.
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APPENDIX II

ITICAT FLIGHT TEST To,a
AND TRACK mAPS

87



0 a; 0 ; I

0 .s 0

Pt)U U)4 ;A ~ C j ~ u ~4-I U In .. a In' ~ H '-.- .-V(d g4. -Ic P5

P ' H ~ W 44 0+ 10 .4
c) Li (A1 14g~

4' 00 .4~ 0 H 4- -4 rd
,OV 4*w1o v~n4
H.4-) 0 QJ 4.1 V)

U) P4

0

42~c

HUNN

433 E;Lr
E- 44*J"4~IC) (0 a

o1 LOH(01 C In tf CVl) n *4 4
64 a) It

P4 4'

t4t

88 q

r- NR



!3 h4U0

CQ 4) a) 1 2 ,i

0 aa

0~~ u' (

-I P,

P4 M

t j- 4).0

Pij
4- 0

FCt

.0, 0
PP ,P

I" U.89



4;

q 0

-~~ J'40

0 , sz 43 (1 .1.0 -a

4-1 H u

0 0 0 -4r~.

0 0 f

.0 0 GNkc

P..
d .4

CC.4

C. 0z toI

0: 93 .:0: 814

p t-A 4 .4 (V
'dl' ~ ~ ~ 4 J\J .J L'

4 ~14
Cl

a)

fj ,

90l

I go



0I
0 . I

(D 04 tom 'j .3 .V S

WA 9). 4.1 4) a

-po ViF- 1 Wjý ~ .8 p - WIq1.0

;m 0 .O. .'&J 4-* +'Uu' t .4 'J

00 4J 0 , 1043

w) C3~ LIV. A

04-3r. 4'o.+

CIO)

0L (D 0 0&

o a4
Iti

IQ c1J 4p 4

0 '0

C))
tt44

-SW~~~V w-~~. -S ~ S

0

.~~~E .L1n (n& 0 2

914



100

44 4 f

to 4-'4 4)

'got +)

'~0 0

r.. .

I C' 02

w 40

F-I. 0 '

4 '0'I

"0 0~ 1O 0
i~ci ~ M -400

RIV



,< %

rn*~~N ' .6 w - t o '

I .e- -

) )V. i -'

7 ', ~ ), ~ A *~ 'Lo

krr

A /

5 "~ 93

+ E 
"



VINI
~ c~5  T•t2

c.~Z i

Jc~ ~~ d--~h~

~C x~~94



t- \q- ) I

~ ~¾ A/i INr
S -El

cAI~-. cd

chj K~6~~Q

'rX'

_ N fS Mel

_ 95



'J"A

q pq

lk El

~ Qe-

P 1~96



-E-

I.S ~

'U f t>/CL

-. -?, ,'Cr

~ )~~\1~" CL

N~ K .-

.N- -97



'43

%. %

zsO~

98



CC)

K 
74

: 99

-

1 'i
I .i



0

(D
U'

1(4
4Ž

2

0�

I,-.
4)w
0)

p 4

E

-U

o

ii
0

- 'I

i

100

-A



0

g oj

.i"

IQ

101



IL

tj~ i

CF

k qC
t a 4)

a S512 H

~Ic3 hi

Ci

1?102



i •I "I

A

a,

tz a
ga.

(00"
zz

IL-

a I U|

g•.. i

01

103



I2 C

ul
(A)

x: -NOve- 1'
410

lo14

Ali;



Zi
<Mokox.

.4a

Ul L f

Aw

do ea~UZ~) C
Fcf

(3 V 3
ze.

I~ 'V 105



E-I

-7 C.) 9
cuu~

"" r

106 0



F-

1%rI

L4I

~Lfto

A EAi

tin U',

.4 . 1

-Ir

/7107



4E I

01

LULh

f4)
alln

atD[-

108-



PII
04 I

H1g1 -

109~



I (0
-a-

01

C)'I

110



7' 10

(x K'(/

Xen
~tx1.1

F) I



APPENDIX III

GUST VELOCITY EQUATIONS

The equstioc.ns. for the detrnirm1-itn P .of th..e.. lu-icriil, and iongitudi-

nal gust velociiy components are given below:

Vertical Gust Velocity

to
UV I VT6a - VT A +O AaN dt

where VT A a z vertical gust velocity relative to the gust
probe, i.e., uncorrkcted for aircraft retention
and 6ransJ-ation in tha vertical plane

- 2 ( Pa + m ')

SPVT VCN (PVT SV

Lateral Gust Velocity

tn( 0
UL ý v,.r vT L -Vs95 t

where VT z lateral gust velocity relative to gust probe,
i.e., uncorrected for aircraft rotation and
tr:inslation in the horizontal plnnc.

VA 2 ( e P + m AaL)
TCN' P VT SV

Longitudinal Gust VelucitZ

UF VT~ to aF- j d

where VT longitudinal gust velocity relative to gust
probe uncorrected for aircraft fore-and-aft

incremental velocities.

Symbols and sign convention are presented in the preface of this report.

112

S "I



APPENDIX IV

DERIVED EQUIVALENT GUST VELOCITY FORMULA

The derived equivalent gust velocity is a semi-empirical relationship defin'd
as follows:

2 a aN WUde-V 'e CL= C PL O KSV

This forma[ls is popular with afrcraft designers because it provid,: them with
a simple approximate relationship for predicting the maximum acceleration a
new aircraft design may be expected to experience based upon the gunt accel-
eration experience of an old design or reference airplane. The Ude equation
ia derived from unsteady lift theory and may be applied subject to the follow-
ing assumptions:

1. 'The aircraft is a rigid body.

2. The aircraft forward speed is constant.

3. The aircraft is in steady level flight prior to gust entry.

4. The aircraft can rise but cannot pitch.

5. Lift other than from the wings ik negligible.

6. The gust velocity is uniform across the wing span and always
normal to the longitudinal axis of the aircraft.

7. The gust profile is a 1- cosine shape.

8. The transient lift function is constant with speed.

9. All airplanes are of conventional planform and have the same
general characteristics.

10. Relative loads for single isolated gusts are a measure of those
from a sequence of gusts.
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